Decreased cherry branch elongation, milkweed stem height and pod production, and foliar injury on both species occurred at sites around southern Lake Michigan at ozone exposures of 13 SUM06 ppm-h and 93e98 ppb peak hourly.
Introduction
Ground-level ozone is the most widespread and serious regional air pollutant affecting plant health in the United States (USEPA, 1996) . The southern Lake Michigan basin is regulated under the Clean Air Act as a moderate ozone non-attainment area for the 8-h ozone standard and severe for the 1-h standard (U.S. Federal Register, 40 CFR Parts 50, 51 and 81). Higher ozone concentrations are consistently observed in southwestern Michigan compared to northeastern Illinois (Christakos and Vyas, 1998; Lin et al., 2001 ). An ozone exposure gradient over the upper Midwest has been documented dating from the 1980s (Lefohn et al., 1990; Steinman, 2004) . One of the documented adverse effects of elevated ozone exposures is injury to foliage of sensitive species, particularly those species used as bioindicators of ground-level ozone stress (Davis and Umbach, 1981; Duchelle and Skelly, 1981) .
Numerous studies have reported the effects of elevated ozone exposure on individual plants and vegetation communities in field and controlled environments (Miller and Millecan, 1971; Karnosky and Steiner, 1981; Krupa and Manning, 1988; Karnosky et al., 1996; Heck et al., 1998) . Research has identified numerous native species, such as Asclepias syriaca (common milkweed) and Prunus serotina (black cherry), useful in ozone bioindication surveys (Chappelka et al., 1997 (Chappelka et al., , 1999a Gunthardt-Goerg et al., 1999 , 2000 VanderHeyden et al., 2001; Yuska et al., 2003) . The U.S. Forest Service has included both these species as ozone bioindicators in the Forest Health Monitoring program beginning in 1990 and the Forest Inventory and Analysis (FIA) program since 2002 .
The FIA biomonitoring network conducts annual surveys on a base grid of detection plots to assess ozone stress as measured by foliar injury on native plants. A more intensified grid may be established or a detailed evaluation monitoring project initiated if injury is observed in the detection plots. An evaluation monitoring project was established in the southern Lake Michigan basin because elevated ozone injury scores were being recorded for bioindicators in the higher ozone exposure areas of Indiana and Michigan. In contrast, areas with lower seasonal exposures and peak ozone values, but similar climate, geology and soils within Illinois and Wisconsin reported much less foliar injury and fewer bioindicator species with injury (unpublished U.S. Forest Service data). To determine if this injury was related to any biological effects, we conducted a 3-year study (1999e2001) of foliar injury, plant growth and reproductive output of two bioindicator species (black cherry and common milkweed) in the southern Lake Michigan basin.
Many of the ozone exposure studies of these two indicator species are based on experimental fumigations in controlled or semi-controlled environments (open-top chambers, continuous stirred tank reactors, or growth chambers) (Pell et al., 1999; Gunthardt-Goerg et al., 2000; Kouterick et al., 2000; Lee et al., 2002; VanderHeyden et al., 2001 ). This work is useful for establishing sensitivity thresholds, species comparisons, and quantitative relationships with growth, but the results may not always relate to real-world field conditions and exposures. Studies of responses in the field are few (Chappelka et al., 1997; Somers et al., 1998; Vollenweider et al., 2003; Schaub et al., 2005) and are difficult because of the lack of experimental controls. Our investigation was similar to these studies because we also used naturally occurring plants growing under ambient ozone and climatic exposure conditions. The difficulties encountered with field studies were reduced by evaluating large sample sizes over 3 years and collecting data on covariate variables. This paper reports on the results of testing three hypotheses: (1) the quantitative effects of soils, climate and ozone on the test species east and west of Lake Michigan are all comparable; (2) ozone exposure relationships with branch elongation, plant height or reproductive output are detectable in the field; and (3) quantitative effects of ozone, insects and disease on growth are comparable in a field environment.
Materials and methods
Our methods include the locating and establishment of permanent sampling plots in the two study regions east and west of the southern end of Lake Michigan; measurement of ozone, insect and disease injury and productivity data on sample plants; collection of soil and leaf samples; acquisition of ozone and weather data; and the statistical analyses of the data. Data were collected over a 3-year period (fall 1999 through fall 2001) in both regions.
Plot locations
All FIA ozone indicator survey techniques used to establish and assess injury on base grid ozone biomonitoring plots were employed in this study (USDA Forest Service, 2000a,b) . Eighteen field plots were identified using FIA siting criteria and measurements started in late summer 1999. Nine plots were located in the low ozone exposure (SUM06 < 12 ppm-h) region of northern Illinois and south central Wisconsin and nine plots in the high ozone exposure (SUM06 > 22 ppm-h) region of southwestern Michigan and northern Indiana (Fig. 1) . All sites but one were located on public lands with deep, loamy, glacially derived soils with rolling topography. All sites consisted of former agricultural properties, both tilled and pastured, that had been allowed to return to native and introduced species. All sites were located within 5 miles of a weather station and 15 miles of an ozone monitoring station. Plots ranged from 41.6e42.7 N latitude and 85.8e89.9 W longitude.
Climate
The study areas had similar cool, continental climates. All sites were located on relatively level topography to minimize micro-climatic effects. To minimize the climatological effects of Lake Michigan all plots were at least Fig. 1 . Study plots and climate stations.
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12 miles from the lake shore. To determine weather values for our study period, we selected 39 climate stations in Indiana and Michigan and 30 in Wisconsin and Illinois (Fig. 1) for determining the 1999e2001 temperature and precipitation means for our study sites. This was done by modeling the study station monthly means from ESRI ARC Spatial Analyst 8.1 layers using inverse distance weighting interpolation. Next, 30-year monthly means for the growing season were modeled the same way using 23 stations that had long-term data. Then the 1999e2001 values were subtracted from the long-term values to calculate departures from normal. The data from these sites were downloaded from the National Oceanic and Atmospheric Administration website (USNOAA, 2004) .
Ozone
Hourly ozone data were taken from the quality assured EPA Air Quality System database (USEPA, 2004) . Ozone exposures at the sampling sites were estimated by using inverse distance weighting interpolation on the hourly ozone data (www.fiaozone.net/maps.html; . SUM06 (June 1e August 31; 07:00 to 19:00) ozone exposures estimates were derived from a national 3-km exposure grid. These are similar to exposure estimates contained in the EPA ozone criteria document (USEPA, 1996) , NAPAP, NADP and other regional data analyses.
Plant selection
Healthy, open-grown, single-stem black cherry trees ranging in height from 1.5 to 8.0 m with minimal mechanical injury were selected and marked and followed over the 3 years of the study. Trees with an established leader were preferred assuming apical dominance would maximize leader growth over lateral branch growth. Open grown black cherry often develops multileader branches and crowns. This pattern may distribute plant growth resources to many terminal branches thus diluting productivity measurements. Most trees were open grown, but some were growing near a forest edge. Trees with wounds exposing more than 10 cm 2 wood, e.g., deer scrapes, burn scars, etc. from animal or silvicultural activities, were not selected because of potential adverse affects on growth. Trees with basal wounds in contact with the soil were not selected. Trees with moderate to severe stem/foliar insects and diseases, such as eastern tent caterpillar (Malacosma americana), fall webworm (Hyphantria cunea), black knot (Apiosporina morbosa) and leaf spot (Blumeriella jaapii) were not selected to avoid introducing additional growth loss factors. Black knot was much more abundant in the western region than in the eastern region. Insect populations and infestations varied between years and outbreaks that occurred during the study were not significant enough to discontinue use of a site or individual trees.
Aboveground annual milkweed stems grow from a perennial rhizome underground and cannot be marked and followed from year to year. We selected stems at random from the same plot areas at each site each year using standard FIA field sampling protocols.
Plant measurements
For black cherry, current year branch elongation (upper canopy branches), seed output (none (0), few (1), common (2), many (3)), stem diameter, and tree height were measured on every sapling (15e30 trees/site and 1.5e7 m in height). For milkweed, plant height, number of mature leaves/stem, and number of fertile seed pods/stem were measured on 78e150 stems/site. For both species, the amount and severity of ozone, insect and disease injury were separately measured according to standard FIA field sampling protocols. All injury was scored using a modified HorsfalleBarrett rating system used by the USDA FIA program . The total number of plants sampled was 1002 cherry trees and 3090 milkweed plants.
In January 2002, 52 black cherry trees not in the study but in the same plots were cut to collect ring width data from sites where cutting was allowed. Approximately 5e6 trees per site were selected at random. Trees were selected without visible bole damage and healthy crowns. Trunk segments approximately 0.5e0.75 m long centered at the diameter measurement point (about 30 cm above the soil) were selected and stored in plastic bags to prevent drying at ambient temperatures in an unheated storage unit for 2e4 weeks. The segments were then freshly cut at their mid-points and a disk approximately 2e4 cm in width was sawn from the segment. On April 8e10, 2002, each disk was examined under a dissecting microscope and the ring widths on the shortest and longest radii for the previous 3 years were measured with an eyepiece micrometer to the nearest 50 mm unit. In addition, the lengths of the shortest and longest radii on each disk were measured with a metric ruler to determine the average radius length. The number of rings (approximate age in years at breast height) on each radius were counted: the average was 10 rings and ranged from 6 to 18 rings. The lengths of the radii and the 1999e2001 ring widths were averaged across the longest and shortest radii.
Soil sampling
Soil samples were collected at 0e20 cm depth at each site and analyzed for macro-and micro-plant nutrients, trace elements, organic matter, cation exchange capacity and texture at the University of Wisconsin Soil and Plant Analysis Laboratory (SPAL). The resulting data were compared with published county soil survey reports from the Natural Resources Conservation Service, U.S. Department of Agriculture and University of Wisconsin soil fertility recommendations for optimal growth (Kelling et al., 1998) .
Leaf sampling
Leaves from both species were collected during the last two weeks of August each year of the study and analyzed for macro-and micro-plant nutrients and heavy metals at SPAL using inductively-coupled argon plasma spectrophotometry (ICP). Leaves were selected from sun and shade portions of the canopy as well as sides, top and bottom positions in the crowns. Only green leaves were selected and excessively damaged or discolored leaves (leaf area injury greater than 25%) were not sampled except for ozonedamaged leaves as needed. Typical sample leaves had less than 10% of the leaf surface missing or damaged. The resulting data were compared with several published papers on leaf chemistry for these species (see Section 4).
Experimental design and statistics
Because our study used plots within regions, a nested design with plots within regions was used to perform hierarchical analyses of variance of the response variables. The plot variance was used as the error term for testing the variance due to regions. We therefore tested the differences between regions using nested analyses of variance (ANOVAs) and sequential F-tests, not t-tests or simple analyses of variance. Variables that were not based on nested site data were analyzed by means of unpaired t-tests of the regional means. Correlation analyses were performed testing the response variables with independent variables, including ozone, weather, insect/disease, soil and leaf chemistry variables.
Classification and regression tree (CART) analyses were used to model the effects of ozone and other site variables on dependent cherry and milkweed growth and response variables. This method uses a binary recursive partitioning technique to identify important independent variables affecting a dependent variable. CART is an alternative method to using multiple regression for determining subsets of explanatory variables most important for predicting a response variable. Rather than fitting a model to data, a tree structure is generated by dividing the data recursively into groups, each division being chosen so as to maximize some measure of the difference in the response variable. Splitting the data makes the resulting groups independent. It is non-parametric, and does not require any assumptions about the distributions of the data. This also makes the method insensitive to outliers. The method is also easier to interpret than multiple regression because the most important variables are quickly identified. Different loss functions are available for dealing with quantitative and qualitative variables. The method has been found to be superior to multiple regression in determining factors affecting fluoride concentrations in vegetation around an aluminum reduction plant (Dimopoulos et al., 2003) .
We selected least squares to split the data in each case and analyzed the population characteristics of each terminal node of the CART analysis.
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This allowed us to identify unique combinations of exposure and/or environmental variables affecting plant productivity by region, site and year means. The east versus west dichotomy was not used in these analyses. Instead, all site-by-year combinations, east and west were included. These analyses view all site by year observations as a population of ozone, weather and soil treatments affecting milkweed and black cherry. We selected a subset of independent variables based on the sample size and whether or not there were significant regional differences. CART analyses begin with all the variables of interest included in the model, followed by pruning of variables that have no effects on the dependent variable greater than a preset level (5% in our runs). The resulting trees only included variables that significantly affected the dependent variable 5% or more. The degree to which CART analyses fit the data is estimated by the percent reduction in error (PRE), a value ranging from 0 to 1. The higher the PRE value the better the fit.
This study was built upon a complex set of dependent and independent variables, site data and other covariates. These included years of sampling, species, regions, sites within regions, plants/site, ozone, climate and soil variables, leaf chemistry variables, latitude, longitude, elevation, aspect, slope, and numerous response variables for each species. It was not possible to factor these because of missing cells in the design, but our best estimate of the total number of potential data points is 75,600. The data were managed in Excel spreadsheets, and all statistical analyses were performed using Systat 11 and JMP 6. Sample sizes for each variable varied because only plants with complete sets of measurements were analyzed.
Results

Black cherry
The results of the east/west comparison for black cherry are shown in Table 1 . These results are based on analyses of all sample trees across years and localities. The sample size differs for some variables due to missing observations in certain years and localities. We used these results to identify key variables for the CART analyses and subsequent ANOVAs.
Ozone injury on cherry leaves was significantly over 300% higher in the east compared to west, measured as amount, severity or total injury. In addition, the percentage of injured trees was 23% greater in the east. The only other statistically significant results were a 26% decrease in branch elongation and a 28% decrease in disease incidence from west to east. Seed production, plant diameter and height, insect injury and total insect and disease injury were not significantly different. Branch elongation is plotted against site for both regions in Fig. 2 , showing that the difference between regions was greater than the differences among sites.
Ozone and weather variables differed significantly between west and east sites (Table 2) . These results are based on the interpolated site level values averaged over the three study years. Ozone was significantly higher in the east by 21% (peak hourly) and 48% (SUM06), which was expected. Although comparable climates were expected, for these 3 years there was a surplus of precipitation of almost 10 cm in the west, while the east was normal. Growing season mean temperature departures were normal and not significantly different.
The soils at the sites differed significantly for some variables between east and west (Table 3) . These results are based on site level values averaged over the three study years. The most significant differences between east and west sites were higher amounts of exchangeable Mg and Ca in the west, followed by higher amounts of S, N and organic matter in the west. Sites in the east were also more acid and had lower Mn. Exchangeable K, P and total Cu were not significantly different.
The nutritional status of the trees was determined by leaf tissue chemistry measurements (Table 4) . These values are based on aggregated leaf samples from each site and are averaged across all three years. The most significant difference in leaf chemistry was a higher level of Mn in the east, which is inconsistent with the soil concentrations, which were opposite. Leaf Cu, Mg, and N were all significantly lower in the east. Leaf S was also significantly different, but the difference was only one percent and not biologically meaningful. Leaf K was 19% higher in the east. Means significantly different at 0.05 probability as tested by a nested analysis of variance are shown in bold font. Average ring width in the subset of trees that were cut was 13% lower in the east but the difference was not statistically significant using a nested analysis of variance (Table 4) .
Milkweed
The results of the east/west comparison for milkweed are shown in Table 5 . These results are based on analyses of all sample plants averaged across all sites and the three study years. Ozone injury on milkweed leaves was 35e50% greater in the east than in the west depending on which variable is compared. Only total ozone injury (amount Â severity) was statistically significant at the 0.05 probability level. In addition, number of pods per plant was significantly reduced (70% less) in the east, but plant height, although lower in the east, only achieved significance at the 0.11 probability level. Injury caused by insects and diseases did not differ significantly between regions.
At the site level, percent injured stems, percent injured leaves and average leaf area injured were all significantly higher in the higher ozone exposure region (Table 6) .
Weather variables when compared as 3-year averages were not significantly different statistically (Table 7) due to high variability. Ozone variables, however, as expected, did differ significantly between regions: the peak hourly values were 19% higher in the east, and the SUM06 was 41% higher.
Only the ratio of exchangeable Ca to exchangeable Mg in the soil was significantly different between the two regions (Table 8) , being 83% higher in the east. This is possibly due to lower amounts of Mg in the soils in the east.
Only three leaf chemistry variables differed significantly between east and west regions (Table 9 ): Mg and P were 20e30% lower in the east, while the Ca/Mg ratio was 56% higher, due to the lower amount of Mg in the east.
Modeling results (CART analyses)
Average branch elongation for black cherry was selected as the measure of growth (Fig. 3) . The black cherry branch Means significantly different at 0.05 probability as tested by a t-test are shown in bold font. Means significantly different at 0.05 probability as tested by a t-test are shown in bold font. Means significantly different at 0.10 probability level are shown in italic font. Means significantly different at 0.05 probability as tested by a t-test are shown in bold font. Means significantly different at 0.05 probability as tested by a nested analysis of variance are shown in bold font. Means significantly different at 0.10 probably are shown in italic font.
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+ MODEL elongation tree is first split by the growing season departure from normal precipitation level of ÿ6.3 cm of precipitation. This split separates average branch elongations of 33 and 51 cm. This split segregates five locality/year combinations under drought conditions resulting in branch elongations that were 35% shorter. For the remaining 29 locality/year combinations, these were split by soil nitrogen at the 0.079% level. Eight locality/year combinations below this level had branch elongations averaging 44 cm, while those above this level averaged 54 cm. These latter locality/year combinations were further split into those with a growing season departure from normal temperature level of 0.18 C. Those below this level had the longest branches, averaging 60 cm while those above this level averaged 50 cm. This last group of 13 locality/year combinations was finally split by the SUM06 ozone exposure of 13.3 ppm-h. Six locality/year combinations below this ozone exposure had branches averaging 55 cm, while those above the level averaged 46 cm. The shortest and longest branches, therefore, were correlated with climate and soil nitrogen. The ozone effect on branch elongation (close to the average) of about 10 cm occurred when soil nitrogen was more abundant and climate variables were near the 30-year average climate conditions. The means of branch elongations and the four independent variables at the five nodes are shown in Table 10 . A significant relationship between mean branch elongation and ozone was found: branch elongation ¼ 81.1e2.2 (ozone in ppm-h). This means that branches growing in the absence of ozone should average about 80 cm growth, and will be 2.2 cm shorter for every 1 ppm-h increase in ozone exposure. This agrees very closely with the data in Tables 1 and 2. For milkweed, the growth parameter analogous to cherry branch elongation is stem height (Fig. 4) . In this analysis, stem height was reduced from 71 cm to 55 cm when soil nitrogen was less than about 0.07%. Above this level, peak hourly ozone concentrations less than 93 ppb were correlated with the tallest plants, about 82 cm. When ozone peaks are over 93 ppb, the growing season precipitation departure from normal less or greater than 6.1 cm affects plant growth. The means of the stem heights and the independent variables at the four terminal nodes are shown in Table 11 .
Milkweed stems are produced annually even though the plant is perennial. A measure of fecundity, the percentage of stems with seed pods appears related to ozone (Fig. 5 ). When Means significantly different at 0.05 probability as tested by a t-test are shown in bold font. Means significantly different at 0.10 probability level are shown in italic font. Means significantly different at 0.05 probability as tested by a t-test are shown in bold font. Means significantly different at 0.05 probability as tested by a t-test are shown in bold font. Means significantly different at 0.10 probability level are shown in italic font. Means significantly different at 0.05 probability as tested by a t-test are shown in bold font. Means significantly different at 0.10 probability level are shown in italic font.
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+ MODEL ozone peak hourly values were less than 98 ppb almost 18% of the stems had pods, while only 7% of the stems exposed to hourly values over this concentration had pods. Injury and the growing season precipitation departure from normal then affected these two groups respectively. The mean percent stems with pods and the independent variables at the four terminal nodes are shown in Table 12 .
Discussion
Differences between regions
4.1.1. Ozone A number of exposure metrics (e.g., SUM06, W126, AOT40, SUM00) were available to assess differences in ozone exposures between sites and regions (Lefohn et al., 1997) . All of these exposure indices characterize the ambient atmospheric ozone concentrations surrounding the plant, not the effective, internal dose potentially harming cellular processes. These exposure indices have been shown to have limited explanatory power when used as independent variables in statistical analyses. With this background the authors chose the SUM06 exposure index for this analysis because the 1996 EPA ozone criteria document described this index in the greatest detail. While the W126 offers certain advantages, the high correlation between the SUM06 and the W126 suggests they are relatively interchangeable. The W126 plus N100 exposure thresholds for black cherry and milkweed suggested by the Federal Land Managers Air Quality Related Values Work Group (FLAG) are included in this analysis (FLAG, 2000) . FLAG has suggested black cherry growth loss may occur at 1-h ozone concentrations exceeding 100 ppb and 7-month, 24-h W126 values exceeding 6.5 ppm-h. The 3-month W126 values for our high ozone eastern sites were far in excess of this seasonal exposure, approximately 25 ppm-h. The eastern sites also exceeded the average peak 1-h concentrations of 100 ppb each study year. The low ozone western region never exceeded 100 ppb, but did exceed the seasonal W126 exposures (19 ppm-h). The site averages never exceeded the potential secondary standard SUM06 of 25.5 ppm-h discussed in the 1996 EPA ozone criteria document (USEPA, 1996) . Our results agree with these thresholds and fit observations recorded in other studies. The secondary standard of SUM06 25.5 ppm-h did not suggest foliar injury or growth impairment would not occur below this threshold. In fact, sensitive bioindicator species are anticipated to show injury below the threshold. Our results also indicate the range of growth loss between exposure regions is similar to effects observed just above the threshold. Black cherry and milkweed foliar injury and reduced branch elongation, stem height and pod formation would be expected because some of our sites exceeded the FLAG thresholds. The SUM06 exposures varied considerably between 1999 and 2001 in this study (Appendix A, Tables A1 and A2).
Soils
An assumption of this study was that soil nutrient and chemical properties would be similar between the two study regions. No statistically significant differences were observed between the soils for the milkweed regions (Table 7 ). In contrast, black cherry soils were statistically significantly different with the western region sites having more of the essential plant elements. The significant soil variables were organic matter, total nitrogen, total sulfur and exchangeable calcium, magnesium and the calcium/magnesium ratio (Table 3) . Correlations could reasonably be expected between organic matter and total N as well as between the calcium, magnesium and their ratio. While these soils between regions for cherry were statistically different, the nutrient levels of the soils at all black cherry and milkweed sites were within the ranges reported in the NRCS Soil Survey County reports for these soils (USDA Soil Surveys, 2005) . For our CART analyses we included soil N, Ca and Mg, but only soil N was found to significantly affect the study plants.
Leaf chemistry
Although Mn levels in the soils did not differ significantly between east and west, the ratio of Fe to Mn in the foliage did for black cherry. This ratio was 52% significantly lower in the east for this species compared to the west. The ratio was not significantly different for milkweed, and was much closer to unity. The species difference is obviously caused by the unusually high Mn concentrations in black cherry, particularly in the east. We suspect this is due to the greater acidity of the soils in the east for cherry because Mn is more available under acid conditions. The high Mn levels may be approaching toxicity levels for cherry (Ellis, 1979; Mills and Jones, 1996) in the east and could explain some of the observed responses. If the Fe/Mn ratio is near unity it indicates the two elements are in equilibrium, while lower ratios indicate an excess of Mn (if the actual Mn concentration levels are high, which they are for cherry). Mn has been implicated as a factor causing sugar maple decline (Horsley et al., 2000; Schaberg et al., 2001) , which is suspected of being caused by deposition of Mn as a gasoline anti-knock additive (Frumkin and Solomon, 1997) . Magnesium levels in foliage appeared to be significantly lower in the eastern region in both species: 20% lower in cherry and 31% lower in milkweed, although absolute levels are probably still sufficient (Ellis, 1979; Senecal and Benoit, 1987; Mills and Jones, 1996) . We believe this is due to the unusually lower levels of Mg in the soils: 80% less in the east for cherry sites (significant) and 50% less in the east at milkweed sites (not significant). These resulted in higher Ca/Mg ratios in the east for both species: 53% for cherry and 83% for milkweed (both highly significant). We suspect that low Mg levels and ratios are another stress factor for these species in the eastern region.
Leaf copper concentrations exceeded 10 ppm in 46 plant samples, and a few milkweed and one black cherry sample exceeded 13 ppm. These levels may be generally toxic (Pais and Jones, 1997; Panou-Filotheou et al., 2001 ), although it is unknown whether they are toxic for these species. Copper in foliage appeared to follow the copper concentrations in the soils.
We had expected that S would be higher in the eastern region than in the western region due to more S sources being upwind in the east. However, S concentrations in black cherry leaves were not different even though soils in the east were 45% significantly lower than those in the west. For milkweed, leaves were 9% higher in the east compared to the west and soils were 7% higher (both not significant). Leaf S in milkweed was 5e6 times higher than in cherry leaves but both were normal for these species (Mills and Jones, 1996) .
Nitrogen levels in the foliage of both species were low, and below those in the literature for these species (Ellis, 1979; Auchmoody, 1982; Senecal and Benoit, 1987; Mills and Jones, 1996) . Leaf P was significantly lower for milkweed in the east compared to the west, and not different for black cherry. The leaf P levels for milkweed were less than half the levels reported by Senecal and Benoit (1987) , but not lower than other species in this genus (Mills and Jones, 1996) . The cherry P levels were normal (Auchmoody, 1982; Mills and Jones, 1996) . Consequently, the N:P ratios in both species are in the 4e7 range, which is low compared to the 12e13 range that is considered average (Gusewell, 2004) . There is therefore the possibility that nitrogen deficiencies might be playing a role in this study, although there is no consistent pattern between the east and west region that might explain our observations. Nitrogen deficiencies have been reported to affect plant response to ozone (Bielenberg et al., 2001; Utriainen and Holopainen, 2001) .
Potassium levels were higher in the east in both species, and significantly so for cherry, although differences of 12% and 19% may not be meaningful biologically. Levels in both species were within normal ranges reported in the literature (Ellis, 1979; Auchmoody, 1982; Senecal and Benoit, 1987; Mills and Jones, 1996) .
Climate
The weather differences observed between the high and low ozone exposure regions were most pronounced in 1999 (Appendix A, Tables A1 and A2 ). The high ozone sites were affected by drought conditions and warmer temperatures in 1999 compared to the abundant rainfall in the low ozone region. In 2000 both regions had abundant, above average rainfall and below normal temperatures. Ozone levels reflected these conditions with very low concentrations throughout the growing season. In 2001 both regions had abundant rainfall, but the high ozone region was cooler than normal while the low ozone area was warmer with a wet spring and a hot, dry summer. The climate differences were within historical ranges in both regions (USNOAA, 2004) .
Ozone injury and effects
Black cherry
Our samples of approximately 1000 cherry trees revealed greater amounts of ozone injury on trees east of Lake Michigan. Curiously, disease injury was 40% less on trees in the eastern region. Whether or not this is related to the ozone injury is unknown. Insect injury was greater in the east, but was not significant. As a result, total injury, the sum of ozone, disease and insect injury, was not different between the two regions. The presence of ozone injury was expected given the foliar injury threshold of 17e19 ppm-h SUM06 (Schaub et al., 2005) for mature trees.
Using the data in Chappelka et al. (1999b) , we calculated a regression relationship for black cherry between percent injured trees and SUM06: % injured trees ¼ 24.6 þ 0.48 (SUM06) with an R 2 of 0.44. Using this equation and the SUM06 means in Table 2 , we predict there should be 33% injured trees at the eastern sites, which is very close to our observed value of 32%. Our prediction for the western sites, 30%, is far off from the 9% observed, because of the large intercept for the fitted equation (probably due to the 60 ppb threshold being too high to capture low concentration effects for this species). When the regression is constrained through zero (which is reasonable e there should be zero injured trees at zero ozone), the prediction for the western region is 10% injured trees.
We find other similarities with Chappelka et al. (1999b) : our 32% injured trees compares favorably with their 47% of 1600 trees because they sampled seedlings and saplings, presumably more sensitive than mature trees, and their SUM06 values were higher than ours. We also found the trees in the east were 10% taller than those in the west, although the difference was not significant. Chappelka et al. (1999b) reported that ozone injured black cherries were taller than non-injured black cherries. The two studies also had comparable amounts of leaf area injured by ozone: 5.5 and 5%.
It was not unexpected that ring width, tree diameter and height did not show significant differences between the two ozone regions. Symptomatic trees at Great Smoky Mountains National Park did not show any diameter differences due to ozone (Somers et al., 1998), and Vollenweider et al. (2003) failed to find any differences in basal area of symptomatic dominant black cherries in Massachusetts. They concluded that periods greater than 10 years of exposure were needed in order to detect significant growth reductions at the stand level.
Consequently, it is more reasonable to expect to find significant growth reductions in a woody plant at the growing tips over a short interval because that is the portion of the plant that is not buffered by accumulated biomass and is directly responsive to current year ozone exposures. However, it is more likely that roots will suffer more from ozone exposures to the canopy because of reduced export from the foliage to the roots, but roots were not examined in this study. Reduced branch elongations are consistent with the review by Matyssek et al. (1998) of biomass partitioning in trees in response to ozone, and with other studies of aspen (Dickson et al., 2001) and beech (Stribley and Ashmore, 2002) showing decreased branch length caused by ozone.
Milkweed
Ozone injury on milkweed foliage ranged from a trace to greater than 50% leaf area, though the majority of ozone injured leaves had less than 2% leaf area injured. Foliar injury overall was greater on milkweed than cherry, but the difference in injury between regions was greater in cherry. Similar to cherry, insect injury was greater in the east, while disease injury was virtually the same in both regions. Consequently, total injury was almost a third higher in the east. The presence of ozone injury on milkweed was not unexpected, because laboratory exposures of ozone at 0.05, 0.10, and 0.15 ppm for 6 h/day for 7 days induced symptoms identical to those observed in the field (Duchelle and Skelly, 1981) . Ozone injury on milkweed has been reported before in Wisconsin (Bennett and Jepsen, 1993) .
The populations of milkweed in the eastern high ozone region were less robust than those in the western region, suggesting either greater stress was occurring and/or ozone-sensitive clones may already have been diminished previously. This may be an alternative explanation for there being fewer pods in the east due greater infertility, the species being an obligate outcrosser. Evidence for ozone decreasing fitness in milkweed has not been published, but has for other species (e.g. Berrang et al., 1991) .
Experimental design
The most powerful design to test our hypotheses would have been to sample several hundred individual cherry trees and milkweed plants separately scattered throughout the study regions, not in plots. This would allow a simple analysis of variance of the data that would have a very small error term due to the large degrees of freedom, but unfortunately this requires extensive field work over large areas and lots of time to locate individuals. It is more efficient to locate populations of individuals at sites and sample a subset of them at each site in plots. However, this design, because the sites are nested within regions, requires the use of the sites within regions source of variation to be used as the error term for testing the region mean square in the F ratio. This leads to many non-significant F-tests if there are significant site differences, which in this case there are. This is the same as saying that the variation due to regions is only significant when the variation due to sites within regions is smaller than the regional variation. Fig. 2 is a graphical display of this for cherry branch elongation. Regional effects of ozone in natural settings, therefore, can only be detected by sampling large numbers of plants, and the regional effect must be greater than the variation between sites.
Manganese, Mg and Cu were not included in the CART analyses because the number of observations was not complete and this reduced the sample number too much for CART to grow a tree. We realize this leaves out other variables that could contribute, and this could be a source of error. Future studies should use a design that collects all variables at all collection times.
Hypotheses
Our ability to accept or reject our first hypothesis, that ozone, climate and soils have comparable effects on the test species, depends on species. For black cherry, the CART analyses showed that departures from normal rainfall had the greatest effect on branch elongation, followed by soil N and temperature departures, and lastly by ozone. The effect of ozone on branch elongation is about 10 cm, while the effects of rainfall departures is 19 cm. Soil N and temperature departures both affected branch elongation about 10 cm, comparable with the ozone effect. For milkweed stem height, the CART analyses showed that soil N had the greatest effect (20 cm), followed by both rainfall and ozone hourly peak concentrations (10 cm each). For milkweed stems with pods, the CART analyses showed that the ozone hourly peak concentrations had the greatest effect (12% decrease), followed by rainfall departures and injured stems at 7e8%.
Our second hypothesis, that relationships between plant response and ozone were detectable in the field, was accepted. By sampling thousands of plants over 3 years, thereby increasing the sample size, small effects in the field were measurable and statistically significant.
Our third hypothesis, that ozone, insect and disease injury are comparable, is rejected in the case of black cherry, but accepted for milkweed. Ozone foliar injury on black cherry was one order of magnitude less than disease injury, and two orders of magnitude less than insect injury (Table 1) . For milkweed, ozone foliar injury was about half of disease injury on average, and one seventh the amount of insect injury (Table 5) . In other words, in both species insect foliar injury exceeds the other two, followed by disease injury and ozone injury is the least amount. Milkweed is clearly more sensitive than cherry, however, because ozone injury is about 10% of total injury, but only 1e3% for cherry.
Thresholds
In the growing environment around the southern end of Lake Michigan, within the observed climate and soil nutrient ranges observed, Ozone SUM06 exposures greater than a threshold of 13.3 ppm-h resulted in an 18% decrease in black cherry branch elongation over elongations at exposures below the threshold. Ozone peak hourly exposures greater than a threshold of 93 ppb resulted in a 13% decrease in milkweed stem height over heights at exposures below the threshold. Ozone peak hourly exposures greater than a threshold of 98 ppb resulted in an 11% reduction in milkweed stems with pods over stems with pods below the threshold. Climate, ozone and other variables varied considerably between the sample years. The eastern region was suffering from a drought in 1999 as well as 1998. In 2000e2001 abundant rainfall returned and plant productivity variables generally responded to the abundant rainfall. In the western region the opposite rainfall pattern was observed, but moisture availability never reached the severe drought levels observed in the east.
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Ozone levels also fluctuated tremendously between years in both regions. The 1999 ozone exposures for both regions reached levels similar to their long-term averages. In contrast, the 2000 SUM06 values were much below the anticipated exposures, with no sites exceeding 15 ppm-h. Values jumped in 2001 with the highest seasonal and hourly values recorded in both regions. Peak hourly values were relatively consistent across the regions and the years.
Using the data in Table A1 , we looked for significant relationships among the 11 variables. Percent injured trees was highly significantly correlated with the three measures of ozone injury (r ¼ 0.977, 0.979 and 0.979, for ozone injury amount, severity and total injury respectively, all p < 0.001). And total disease injury was highly correlated with departure from normal precipitation (r ¼ 0.922, p < 0.01).
Using the data in Table A2 , we looked for significant relationships among the 13 variables (Table 12 ). The most significant relationship was the negative one between number of pods/stem and the peak hourly ozone values (r ¼ ÿ0.96, p ¼ 0.01). Equally significant was the increase in percent injured stems with the amount of ozone injury (r ¼ 0.86, p ¼ 0.05). This correlation, however, was expected as the two variables somewhat autocorrelated. Plant height slightly increased with increasing rainfall (r ¼ 0.75, p ¼ 0.10), and number of pods per stem decreased with an increase in total ozone injury (r ¼ ÿ0.76, p ¼ 0.10). 
